In this article, the relationship between energy consumption and economic growth is examined from the viewpoint of China's industrial sectors. Panel data from 37 industrial sectors in China covering the period from 1998 to 2010 was used in this study. Not only first generation panel unit root tests and panel cointegration tests, but also second generation tests that account for dependence between cross-sectional units were employed. The empirical results reveal that both energy consumption and economic growth are integrated as order one, and they are cointegrated. Panel fully modified ordinary least squares estimators show that a 1% increase in energy consumption increases the real value added of industrial sectors by 0.871%, and a 1% increase in real value added of industrial sectors increases energy consumption by 1.103%. The panel vector error correction models for causality tests are estimated by a system generalized moment method. We find a unidirectional causal relation running from economic growth to energy consumption in the shortrun. In the long run, however, there is evidence of a unidirectional causality running from energy consumption to economic growth.
Introduction
Energy is an indispensable input in the economic activity process. Since the reform and openness in 1978, China has become one of the fastest growing countries in the world, accompanied by rapidly increasing energy consumption. According to U.S. Energy Information Administration (EIA), China has become the largest global energy consumer and world's second largest oil consumer in 2010, just behind the U.S.
Coal accounted for the largest share (about 69%) in Chinese energy consumption in 2011. As a result, the country released 8.7 billion metric tons of carbon dioxide, and was the leading energy related carbon dioxide emitter in the world. Meanwhile, Chinese industrial sectors accounted for more than 60% of final energy consumption from 1980 to 2005, but they accounted for only 36%-53% of gross domestic product [1] . As the global environmental problem has become increasingly serious, in order to reduce heavy air pollution, the Chinese government planned to reduce energy intensity and carbon intensity by 16% and 17%, respectively, during the twelfth five-year plan period.
Against the background of energy conservation and emissions reduction, considering that Chinese industrial sectors account for the main carbon dioxide emissions, it is necessary to study the relationship of energy consumption and economic growth and offer policy suggestions on energy saving and emission reduction from the Chinese industrial sector perspective.
In this article, we use a data panel of 37 industrial sectors in China from 1998 to 2010 to examine the long-run equilibrium relationship and the causal relationship between energy consumption and economic growth. First, we examine these variables using panel unit root tests and panel cointegration tests. We use not only the first generation but also the second generation tests since the latter take dependence between cross-sectional units into consideration. We find that the two variables are both integrated of order one and cointegrated. Second, a panel fully modified ordinary least squares method is used to estimate the long run equilibrium equations. Third, sources of causality are examined through significance tests of coefficients in panel error correction models, which are estimated by system generalized moment method. We find that in the short run a unidirectional causal relation is running from economic growth to energy consumption while the direction is reversed in the long run.
The rest of the paper is organized as follows: Section 2 provides a brief literature review of energy consumption and economic growth from the viewpoint of data structure. Section 3 describes the industrial data that is used in the empirical research. Section 4 is the introduction of econometric methodologies. Section 5 presents empirical results and the interpretations. Section 6 concludes the paper with some policy implications.
Literature Review
Since the initial work of Kraft and Kraft [2] , studying the relationship between energy consumption and economic growth has gradually aroused people's attention due to the growing concerns about global warming and climate change. There have been a large number of researches on this topic, see Ozturk [3] , Payne [4] and Omri [5] for comprehensive surveys. Related studies focus on different countries, different variables and rely on various identification strategies, and not surprisingly, reach different results. In particular, Ozturk [3] synthesized the causal interaction between energy consumption and economic growth into four testable hypothesizes: neutrality, conservation (growth), and feedback hypothesis, which correspond to no causality, unidirectional causality running from economic growth (energy consumption) to energy consumption (economic growth), and bidirectional causality between them, respectively. In Omri [5] , 48 country-specific studies about the causal relationship between energy consumption and economic growth over 1978-2012 were summarized, and the results revealed that 21%, 23%, 29%, and 27% supported the above four types of hypothesis, respectively,which means that empirical research about this field has not come to a consensus conclusion.
From the perspective of data structure, previous research mainly used time series data. Asafu-Adjave [6] examined the energy-income relationship for four Asian developing countries using nonstationary time series, and they considered a trivariate model rather than the usual bivariate model. In Shiu and Lam [7] , and error correction model (ECM) with the annual data over the period 1971 to 2000 for China was used to identify the link between real gross domestic product (GDP) and electricity consumption, a long run equilibrium relationship and a growth hypothesis were found between the two series. Yuan et al. [8] tested the relationship between energy consumption and economic growth in China under the framework of the neo-classical one-sector aggregate production function where energy was treated as the third input besides capital and labor. They estimated the causality from a vector error correction (VEC) model using an annual data from 1963 to 2005, and supported growth hypothesis for electricity and GDP, while conservation hypothesis for total energy and GDP, and so on [9] [10] [11] [12] [13] . Most of these researches employed nonstationary time series methods, the main drawback for these methods is lack of power in small samples, which may result in wrong conclusions.
Compared with time series, panel data can provide much more information, so it has several advantages. Especially in nonstationary cases, panel unit root tests and cointegration tests have more power than those of time series data [14] . In recent years, with the improvement of data availability and the development of panel data methodologies, more and more researches about energy and economy have gradually switched to panel data. Lee and Chang [15] utilized panel data of 16 Asian economies from 1971 to 2002 to examine the causal interactions between energy consumption and real GDP, they found that in the long-run conservation hypothesis existed between energy consumption and GDP, but not vice versa. Taking into consideration panel heterogeneity, Akkemik and Goksal [16] examined the causality between energy consumption and GDP using panel Granger causality methodology developed by Hurlin and Venet [17] , in which four different causal relationships, homogeneous (non-) causality, heterogeneous (non-) causality were presented, and so on [18] [19] [20] .
Although more and more studies about the relationship between energy consumption and economic growth have started to use panel data, most of them were at a national or regional level [21] [22] [23] [24] [25] [26] . There is little empirical research from the viewpoint of industrial sectors. Compared with regional level data, industrial level data has several advantages. First, Chinese industrial sectors account for more than a half of final energy consumption and main carbon dioxide emissions. Second, great differences in energy consumption can be observed across different industries, so researching on energy consumption and economic growth at an industry level is helpful for developing a more effective energy saving and emission reduction policy, as well as for adjusting industrial structure. As far as we know, the first one who studied energy consumption and economic growth from the perspective of industrial sectors was Hamit-Haggar [27] . The annual data for the period from 1990 to 2007 in 21 Canadian industrial sectors were collected, the long-run equilibrium and causal relationship among greenhouse gas emissions, energy consumption and economic growth were studied. Zhang and Xu [28] examined the relationship between energy consumption and economic growth from the view of sectors and regions using provincial level panel data from 1995-2008 in China, in which industrial, service, transport and residential sectors were examined, respectively. Meanwhile, this research also considered the regional level since the individual unit for the sector was still the province.
To the best of our knowledge, the causal relationship between energy consumption and economic growth for Chinese industrial sectors has not yet been studied. We will make up the gap with this article. Another advantage of using panel data is that we are able to allow for cross-sectional dependence. Most of existing studies in this area assumed that all the cross-sections were independent, this could be too restrictive for many cases [29] . In this paper, we will relax the assumption.
Data Description
This study makes use of panel data for 37 industrial sectors of China, covering the period from 1998 to 2010, detailed industries are reported in Table 1 . A new identification (ID) for industrial sectoris defined in Table 1 for convenience. According to the national economy industry classification standard of China (GB/T 4754-2002) [30] , there are 39 middle-categories industrial sectors. Due to data limitations, three industrial sectors are merged into other industrial sectors (ID: 37), they aremining of other ores (sector code: 11), manufacture of artwork and other manufacturing (sector code: 42) and recycling and disposal of waste (sector code: 43). Due to the adjustment of statistical caliber for industrial sectors of the National Bureau of Statistics of China, we limit the period from 1998 to 2010 to ensure the data consistency.
Due to data availability, only two variables are considered in this article. The first one is energy consumption (denoted by EC), and measured as total energy consumption in units of 10,000 tons of standard coal equivalent (tce). The EC data is obtained from the China Energy Statistical Yearbook. The second one is economic growth. We use the value added of industrial sectors as its proxy variable, and denote it as GDP. The statistical range for the value added of industrial sectors includes all state-owned industrial enterprises and the non-state-owned industrial enterprises with annual sales revenues over five million Yuan. The value added of industrial sectors is calculated based on the China Energy Statistical Yearbook. Then we transform the nominal value added of industrial sectors to the real valueusing the producer price indices for manufactured goods by sectors and 1990 is used as the base year. Both variables are converted into natural logarithms, and denoted as LEC (natural logarithms of EC) and LGDP (natural logarithms of GDP), respectively.
Methodology
We apply the panel Granger causality test to examine the relationship between energy and economic growth for Chinese industrial sectors in this article. It is well known that the data must be stationary when we use a Granger causality test [31] . Otherwise the regression may be spurious and will result in misleading conclusions, so stationarity tests for series should be conducted before performing the Granger test. Many researches in this field rely on the first generation unit root tests, such as Levin et [33] , to check the stationarity of series. An important assumption underlying the so-called first generation tests for unit roots is that units of the panel data are cross-sectional independent. However, this assumption is too restrictive in many empirical applications. For example, in this study, it is very likely that different industrial sectors are correlated, so the first generation tests may lead to unreliable results. 
A Cross-Sectional Dependence Test
In this article, a simple cross-sectional dependence (CD) test suggested by Pesaran [34] is used. The proposed test is based on an average of pair wise correlation coefficients of the ordinary least squares residuals from individual regressions in the panel. The CD test is defined as:
where ˆi j  is the sample estimate of the pair wise correlation between residual series i and j.
Pesaran [34] showed that under the null hypothesis of no cross-sectional dependence, CD converges to a standard normal distribution as n tends to infinite and T is sufficient large.
Panel Unit Root Tests
Due to the lack of power of conventional unit root tests, panel unit root tests have been developed very quickly in recent twenty years. Panel unit root tests can be divided into two generations. The so called first generation tests include LLC test [32] , IPS test [33] , Breitung's test [35] , Maddla and Wu [36] and Choi's Fisher-type tests using augmented Dickey-Fuller (ADF) and Phillips-Perron(PP) tests (hereafter Fisher-ADF and Fisher-PP tests) [37] , and so on. Among these tests, LLC and Breitung's tests are homogeneous, i.e., there is a common autoregression (AR) structure for all cross sections under the null hypothesis, which is too restrictive in reality. In this article, the other three heterogeneous panel unit root tests are chosen. In addition, compared with the first generation tests, the second generation tests that assume contemporaneous correlation are more and more popular in recent macroeconomic applications. Three main second generation panel unit root tests are proposed by Moon and Perron [38] , Bai and Ng (hereafter, BN) [39] and Pesaran [40] , respectively. According to the Monte Carlo comparisons by Lin et al. [41] , the tests proposed by Pesaran are relatively robust, so we choose them in our empirical study.
Panel Cointegration Tests
If economic growth and energy consumption are non-stationary and integrated in the same order, then we should use the cointegration test to check the long-run equilibrium relationship between them. Panel cointegration tests can also be divided into two generations. The tests proposed by Kao [42] and Pedroni [43] are two famous representatives of the first generation [44] . Both tests are based on residuals of regression, which can be regarded as an extension of the traditional Engle-Granger two steps cointegration method [45] . In particular, Pedroni's tests allow for more heterogeneity [43] . However, both Kao [42] and Pedroni [43] assume cross-sectional independent, which is too strict in empirical studies. In order to avoid this shortcoming, the so called second generation panel cointegration tests that allow for cross-sectional dependence have been developed in recent years. One simple way to deal with the cross-sectional correlation is demeaning the data with respect to common time effects [46] . In our study, both the first and the second generation panel cointegration tests are used to explore the long-run equilibrium relationship between energy consumption and economic growth for the sake of robustness.
If the two variables in this article are cointegrated, then we could construct panel vector error correction model (PVECM) according to the Granger representation theorem as follows:
LGDP
in which,  is the difference operator, ECT it are the error correction terms obtained from the residuals of the following cointegration equations, respectively:
in which, 1 α i and 2 α i are used to describe individual heterogeneity, and 1 β and 2 β denote the long-run equilibrium relationship. If LGDP and LEC are cointegrated, we could not use ordinary least squares (OLS) method or fixed effect method to estimate Equations (4) and (5). Since the t-statistic diverges. Kao and Chiang [47] suggested using fully modified ordinary least squares estimator (FMOLS) to estimate Equations (4) and (5).
Since lagged dependent variables are included in Equations (2) and (3), they are typical dynamic panel data models. In this case, both fixed and random effects estimator in static model are biased and inconsistent. In order to get consistent estimator, Arellano and Bond [48] developed generalized method of moments (GMM) estimator for dynamic panel data model, which was known as difference GMM (hereafter, DIF-GMM). Nevertheless, DIF-GMM often suffers from finite sample bias because of the weak instruments problem. Blundell and Bond [49] proposed so called system GMM (hereafter, SYS-GMM) to improve the property of DIF-GMM. Monte Carlo simulation results showed that SYS-GMM is more efficient and robust than DIF-GMM in finite sample. So, we choose SYS-GMM to estimate Equations (2) and (3) in this article.
After estimating the panel vector error correction models by SYS-GMM, three different sources of causality could be examined through the significance tests of coefficients forthe null hypotheses as follows: (3) (ii) Long-run Granger causality 0 1
: γ 0 H  in Equation (2) 0 2 : γ 0 H  in Equation (3) (iii) Strong Granger causality Table 2 presents the descriptive statistics and CD tests about natural logarithms of energy consumption (LEC) and natural logarithms of GDP (LGDP). The CD statistics show that the cross-correlations are statistically significant at 1% significance level for the raw data, so cross sectional dependence should be considered in the following steps. Panel unit root tests are tabulated in Table 3 . Columns 2-4 present the first generation tests, all of them do not reject the null hypothesis of unit root for the level data, and reject the null hypothesis of unit root for differential datasets, which mean that the series LGDP and LEC are integrated of order one. Column 5 presents the Pesaran's cross-sectionally augmented IPS (hereafter, CIPS) tests for the sake of cross sectional dependence. The limit distribution of CIPS are non-standard, for the case (N, T) = (37, 13) with intercept and trend, the critical values of CIPS for 1%, 5% and 10% significance level are −2.8, −2.64, −2.55, respectively, and for (N, T) = (37, 12) with intercept, the critical values of CIPS for 1%, 5% and 10% significance level are −2.26, −2.11, −2.03, respectively. Compared the CIPS statistics with the above critical values, the results show that for LGDP and LEC the unit root hypothesis is convincingly rejected. So we proceed as taking LGDP and LEC as I(1) variables.
Empirical Results
Then, panel cointegration tests are used to examine the long-run relationship between economic growth and energy consumption, which are reported in Table 4 . From the first generation cointegration tests, all statistics consistently reject the null of no cointegration at 1% significance level except Pedroni's Group-rho statistic. In addition, the so called second generation tests that account for dependence between the cross-sectional units are also used. Westerlund [46] employed the bootstrap approach to deal with the cross sectional dependence. In this article, the number of replications for bootstrap is set to 50. And in most cases, the statistics reject the null of no cointegration. The results confirm the existence of co-movement between the two series. Then, we proceed as exploring the long run equilibrium relationship between the series by FMOLS.  is the difference operator.
Using the panel FMOLS technique for cointegrated panels developed by Kao and Chiang [45] , we estimate the long-run equilibrium relationship between economic growth and energy consumption. The advantage of using the FMOLS approach is that it corrects for both the endogeneity bias and serial correlation of the OLS estimators in presence of cointegrated panels, and allows for consistent and efficient estimators. Table 5 presents the results of the panel FMOLS. The slope coefficients of Equations (4) and (5) are positive and statistically significant at 1% significance level. The results indicate that 1% increase in energy consumption increases real value added of industrial sectors by 0.871%. In turn, 1% increase in real value added of industrial sectors increases energy consumption by 1.103%. The residuals of Equations (4) and (5) ECT it , respectively. Then, panel error correction models (Equations (2) and (3) are estimated to determine the direction of the causal relationship between the real value added of industrial sectors and energy consumption. The Hansen's J test and testing for the absence of serial correlation in error term are used to determine the lags of Equations (2) and (3). The system GMM estimate results are presented in Table 6 .
By testing the significance of the coefficient of the independent variables in Equations (2) and (3), the source of causation can be identified, and the results are reported in Table 7 . Table 6 . System generalized method of moments (SYS-GMM) estimates.
Variables
LGDP it  LEC it  From Table 7 , a unidirectional causal relation running from LGDP to LEC is found in the shortrun. The coefficient of ECT is significant in Equation (2), but not significant in Equation (3), which means that there is evidence of unidirectional causality running from LEC to LGDP in the long-run. This result can be interpreted in the following aspects. From the perspective of industrial data, the heterogeneity of industrial energy consumption and energy intensity are significantas shown in Figure 1 . In the short run, the government could eliminate some high-energy consumption and high-energy intensity enterprises (such as Processing of Petroleum, Coking, Processing of Nuclear Fuel (ID = 18), Smelting and Pressing of Ferrous Metals (ID = 25), Manufacture of Metal Products (ID = 34)) to control for the energy consumption without decreasing the economic growth. But in the long run, energy as a crucial factor of production, reducing energy consumption will reduce economic growth if we do not change the current production technology. Finally, strong bidirectional causality is found between LGDP and LEC.
Conclusions and Policy Implications
In this article, we use panel error correction models to study the panel causality between energy consumption and economic growth. Panel data of 37 industrial sectors in China from the period 1998 to 2010 are used. We check the series using cross-sectional dependence test, and find that the cross-correlations are statistically significant at 1% significance level for the raw data. Then the second generation panel unit root tests and panel cointegration tests that account for cross-sectional dependence are used to examine the data, we find that both series are integrated of order one. And long-run equilibrium relationship between energy consumption and economic growth are also found at industrial levels, in particular, a 1% increase in energy consumption increases the real value added of industrial sectors by 0.871%. Panel Granger causality tests show that there is a strong bidirectional causal relationship between energy consumption and economic growth. In the short run, unidirectional causal relation is running from economic growth to energy consumption, i.e., conservation hypothesis is found. However, the causal relationship is reversed in the long run, i.e., growth hypothesis is found.
Policy implications of the empirical results are presented as follows. In the short run, the industrial policies of conserving energy consumption may be implemented with little adverse effect on economic growth for several reasons. First, the government may control energy use for industries whose energy consumption and energy intensity are high in the short period. For example, the municipal government of Beijing released a Five-Year Clean Air Action Plan (2013-2017) to limit industrial and traffic pollution by a set of new measures in 2013, according to this plan, the government shut down a lot of heavy factories temporarily during the Asia-Pacific Economic Cooperation meetings in 2014 and so on. Second, the government could control the energy intensity of the enterprises in short term.
For example, the so called Top 10,000 Energy-Consuming Enterprises Program implemented by the Chinese government in the framework of the 12th Five-Year Plan. The designated enterprises are required to achieve the 16% energy intensity reduction relative to 2010. These measures could also reduce energy consumption without affect economic growth. From another perspective, Chinese economy is entering a new normal stage of structural adjustment, the slower pace of economic growth could reduce the energy consumption in short term. However, In the long run, energy is one of the indispensable factors for economic growth, policies of blindly restricting the use of energy in industrial sectors to achieve the purpose of energy saving and emission reduction may adversely affect economic growth. In order to maintain sustained economic growth while saving energy and reducing emission, the government could start from the following aspects. First, adjust the industrial structure and gradually switching from high energy-consuming and high energy-intensity to low energy-consuming and low energy-intensity industries. Second, adjust the energy consumption structure and gradually switching from high emission energy, such as coal, oil and other fossil energy to renewable energy, such as hydropower, solar energy, wind power and biofuels. Third, the government needs to promote enterprises to carry out technological innovation and improve the production process to reduce their energy intensity therefore achieve energy saving and emission reduction.
The main contribution of the paper is to investigate the relationship between energy consumption and economic growth in China at industrial level with bivariate panel econometric model. However, we only consider two variables in the model because of the limitations of available industrial data in China. Hopefully, we would be able to include more related variables, such as labor, capital and energy price, to conduct more rigorous analysis in the future.
